F 1 -and V 1 -ATPase are rotary molecular motors that convert chemical energy released upon ATP hydrolysis into torque to rotate a central rotor axle against the surrounding catalytic stator cylinder with high efficiency. How conformational change occurring in the stator is coupled to the rotary motion of the axle is the key unknown in the mechanism of rotary motors. Here, we generated chimeric motor proteins by inserting an exogenous rod protein, FliJ, into the stator ring of F 1 or of V 1 and tested the rotation properties of these chimeric motors. Both motors showed unidirectional and continuous rotation, despite no obvious homology in amino acid sequence between FliJ and the intrinsic rotor subunit of F 1 or V 1 . These results showed that any residue-specific interactions between the stator and rotor are not a prerequisite for unidirectional rotation of both F 1 and V 1 . The torque of chimeric motors estimated from viscous friction of the rotation probe against medium revealed that whereas the F 1 -FliJ chimera generates only 10% of WT F 1 , the V 1 -FliJ chimera generates torque comparable to that of V 1 with the native axle protein that is structurally more similar to FliJ than the native rotor of F 1 . This suggests that the gross structural mismatch hinders smooth rotation of FliJ accompanied with the stator ring of F 1 .
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rotary molecular motor | protein design | ATPase | F 1 | V-ATPase M olecular motors are representatives of elegant protein complex systems that dynamically modulate finely tuned intermolecular interactions to conduct unidirectional motion. Molecular motor systems are principally composed of two parts, a motor protein that undergoes a power-stroking conformational change fueled by nucleotide hydrolysis, or ion flux, and a counterpart protein that acts either as a track for linear motors or a rotary shaft in rotary motors. Structural studies have revealed striking shape complementarity of the motor-counter protein interface, a feature that has also been observed in other protein complexes (1, 2) . However, molecular motors modulate affinity to counterpart proteins upon catalysis, inducing unidirectional motion. Therefore, the current consensus view of the field is that the interfaces of molecular motor systems have sophisticated designs at an atomic level through molecular evolution.
Engineering of motor proteins have been key to elucidating the molecular design and working principle of motor proteins. However, although there have been a few successes, most attempts to redesign motor proteins with gained function, such as enhanced force generation or accelerated kinetic power, have proven unsuccessful (e.g., see ref.
3) (4-6). Indeed, extensive engineering of the interface between molecular motors and their counterpart proteins, for example replacing the counterpart protein with an exogenous protein, has not been reported. In this study, we constructed an artificial molecular motor system from a stator ring of a naturally occurring rotary motor, the F 1 -ATPase (F 1 ) or V 1 -ATPase (V 1 ), and FliJ chimeras. F 1 and V 1 are evolutionally closely related rotary motor proteins that generate a large torque upon hydrolysis of ATP (7, 8) . The catalytic core of F o F 1 -ATPases and V o V 1 -ATPases are multisubunit membrane protein complexes that mediate energy interexchange between the phosphorylate transfer potential of ATP and proton or sodium motive force across the membrane. F 1 and V 1 ATPases are composed of a heterohexameric ring with pseudo-threefold symmetry (the α 3 β 3 in F 1 and the A 3 B 3 in V 1 ) and a rod-shaped rotor protein (the γ subunit in F 1 and the DF complex in V 1 ) (8-10). The catalytic reaction centers for ATP hydrolysis/synthesis reside at the α−β or A-B interface in the F 1 and V 1 enzymes, respectively, with the main catalytic residues being harbored in either the β or A subunit (9) (10) (11) . The rotary shaft of F 1 , the γ subunit, is composed of two distinct parts: a coiled-coil of two alpha helices (an N-terminal short helix and a C-terminal long helix) and a protruding globular domain with an α/β fold. In V 1 , the DF complex forms structure with a shape similar to that of the γ subunit; the D-and F-subunits assemble into a coiled-coil structure and a globular α/β fold, respectively (12) (13) (14) . In both F 1 and V 1 , the coiled-coil structure is almost completely embedded in the central cavity of the stator ring, whereas the protruding globular α/β fold domain has only a very small contact region with the stator subunits (10) .
The rotational dynamics of F 1 and V 1 also have several similarities. Both motors have been shown to rotate continuously and unidirectionally in the counterclockwise direction when viewed from the membrane side (i.e., F o or V o side) (15, 16) . The unitary step of rotation is 120°, as expected from the pseudo-threefold symmetry of the stator rings. Both motors apparently generate torque against viscous friction (V 1 ; 27-35 pN·nm, F 1 ; 40-50 pN·nm) (17) (18) (19) . The distinctive feature of F 1 and V 1 that discriminates Significance F 1 /V 1 -ATPases are sophisticated molecular machines that convert the motion of a stator cylinder driven by sequential ATP hydrolysis to rotation of a central rotor protein. Here, we reveal the rotation of artificial rotor proteins composed of exogenous rod proteins that show no apparent sequence similarity with the native axles. The estimated torque by the artificial rotor in the stator ring of V 1 was almost identical to that by the native axle protein. These results demonstrate that the principle of rotational motion by these molecular motors relies solely upon the coarse-grained interaction between the rotor and stator. These findings imply that the ancient F 1 or V 1 motor domain has evolved from a poorly designed motor protein more readily than initially assumed. them from other molecular motors is the reversibility of the chemomechanical coupling reaction. When forcibly rotated in the reverse direction, the motors are capable of catalyzing the reverse reaction (i.e., ATP synthesis from ADP and inorganic phosphate) (20, 21) . This implies high efficiency of energy conversion from chemical reaction to mechanical work, and vice versa, as experimentally verified by controlling the external torque and the chemical potential of ATP hydrolysis (22) .
To clarify the molecular basis for the efficient chemomechanical coupling of F 1 , the stator-rotor interface has been extensively studied by truncation of the γ helices or extensive amino acid substitution of contact loop of β (23) (24) (25) . Surprisingly, all of the F 1 constructs tested with engineered stator-rotor interfaces showed unidirectional rotation, suggesting that none of the γ residues is essential for torque transmission (24) . These findings suggest that all rotor-constituting residues are equally responsible for torque transmission via individual specific interactions with the stator ring. An alternative idea is that torque is fundamentally transmitted via coarse-grained interaction. Coarse-grained simulation studies on F 1 suggest that specific interaction at the residue level is not essential for the directed rotation (26, 27) . Taken together, these observations imply that a rod-shaped protein could be accommodated in the stator motor ring, could potentially rotate, and could generate estimated torque.
Experimental verification of this hypothesis became realistic when high-speed atomic force microscopy of F 1 revealed that the β subunits in the isolated α 3 β 3 stator undergo sequential powerstroking conformational change without the interaction with γ (28). Motivated by these findings, we previously tested a chimeric rotary motor reconstituted from the A 3 B 3 stator ring of V 1 and an exogenous coiled-coil protein, FliJ, part of the bacterial flagellar type III export complex (29) . Despite no obvious sequence homology between D of V 1 and FliJ, a part of FliJ was successfully reconstituted into the A 3 B 3 ring, enhancing the ATP hydrolysis activity of the A 3 B 3 (30) . However, unidirectional rotation of the reconstituted FliJ was not observed using single-molecule rotation analysis. Here, we generated a V 1 -FliJ chimera (ChV 1 ) in which the FliJ sequence was fused to the C-terminal tip of the unstructured region of subunit D to enhance the stability of the complex. To forcibly hold the xenogeneic rotor in the stator ring, we assessed F 1 -FliJ chimeras (ChF 1 ) by genetically fusing the β subunit of F 1 to FliJ using a flexible linker as previously described (24) . We found both chimeric motors function as active rotary motors. These findings strongly suggest that any residue-specific interactions between the stator ring and the rotary shaft are not a prerequisite for the smooth rotational motion against an external frictional drag.
Results
Construction of V 1 -FliJ Chimeras. We constructed the chimera V 1 by incorporating FliJ from Salmonella enterica into A 3 B 3 stator ring from Thermus thermophilus (T.th). As shown in Fig. S1 , there is no apparent sequence similarity between FliJ and subunit D of V 1 . In the previous study, we coexpressed FliJ with A 3 B 3 to obtain the chimera complex ChV 1 J147 (J147 denotes that the rotor is composed of the full length of FliJ with 147 aa). Although FliJ was part of the chimera complex, ChV 1 J147 did not show clear rotation, at least partially due to instability of the complex. Sequence alignment of subunit D's from different species shows that the C-terminal 21 residues of the T.th V 1 D subunit are not conserved in other species, suggesting that it would not have an active role for force transfer from the stator ring to subunit D. The structural analysis of T.th V 1 suggests that the 21 C-terminal amino acids of T.th D are located at the bottom of A 3 B 3 , the opposite side from the protruding portion of the rotor toward the V o domain (13) . In the present study, FliJ was fused to the C-terminal 21 residues of the T.th D subunit and was coexpressed with A 3 B 3 of T.th V 1 to obtain chimera complex ChV 1 J147/DC21 with the expectation that the additional sequence would enhance the complex's stability. In the schematic image of the fusion rotor of ChV 1 J147/DC21 (Fig. 1A) , . The numbering in the superscripts of the mutant name denotes the length of the polypeptide chain of subunit D and FliJ, respectively, in the fusion rotary shaft. ChV 1 D30/J86/D68 represents a chimera V 1 with the fusion rotor in which 86 residues of FliJ subunit were inserted between the N-terminal 30 residues and C-terminal 68 residues of subunit D (Fig. S2 and Fig. 1A) .
Although ChV 1 D30/J86/D68 with a longer portion of subunit D showed expression and incorporation level comparable to that of the reference V 1 mutant, V 1 DΔ58-113 (Fig. 1B and Fig. S2 ), the fusion rotor of ChV 1 D30/J86/D29 and ChV 1 J147/DC21 was not detected in Coomassie staining and was barely detected when using immunostaining with anti-FliJ antibody (Fig. 1B) . This suggests that most of the purified complex lost the rotor portion. Considering that isolated stator and rotor proteins should not hinder the rotation assay, the chimera motors were subjected to rotation experiments after biotinylation.
Rotation of V 1 -FliJ Chimeras. We investigated whether these chimeric V 1 constructs rotate by attaching the A subunits onto a glass surface through the histidine residues at the N terminus of the A subunit, and by subsequently binding polystyrene duplex beads of 290-nm diameter onto the rotors via the two cysteine residues in 61 and 67. All mutants, including the ChV 1 J147/DC21 , rotated the 290-nm duplex beads in a counterclockwise direction continuously ( Fig. 2A) . The probability of finding a rotating bead was variable depending on the chimera used (Table S1) , and the number of beads attached on the coverslip was very low, despite the use of equal protein concentration, suggesting that most of molecules of chimeric V 1 do not contain the biotinylated rotor. This observation is consistent with the result of SDS/PAGE analysis (Fig. 1B) . At 4 mM ATP, which is saturating for the WT V 1 hydrolytic activity, chimeric V 1 motors made ∼200 or more
(n = 7), 6.7 ± 1.3 rps for the ChV 1 D30/J86/D29 (n = 8), and 4.4 ± 1.0 rps for the ChV 1 J147/DC21 (n = 8), compared with 12.0 ± 1.6 rps for WT V 1 (n = 10) (A 3 B 3 DF; Fig. 2A and Table 1 ). Chimeric V 1 enzymes paused at angles separated by 120°, as shown in Fig. S3 . In estimating torque from the rotation trajectories, the pauses were eliminated from the time course, and 30 consecutive 120°rotations were overlaid to obtain an average trajectory for the 120°rotation (Fig. 2B) . We then determined the rotation speed of the duplex beads from the slope. Torque (N) was calculated from the angular velocity (ω) and frictional load (ξ) of the rotating bead using the following equation: N = ωξ. The friction of each duplex bead was estimated from Eq. S1, taking into account the slight variation of the radius of the revolution of the outer bead of the duplex. The results are plotted in Fig. 2C and summarized in Table 1 , and 20.2 ± 3.7 pN·nm for the ChV 1 J147/DC21 . The torque of the ChV 1 J147/DC21 , lacking any of the coiled-coil structure of subunit D, is very similar to that of V 1 DΔ58-113 having the native axle (subunits DF). This clearly indicates that the conserved amino acid residues in subunit D are not essential for torque generation in the V 1 .
Construct of F 1 -FliJ Chimeras. Unlike for V 1 , we have never been able to accommodate FliJ into the central pore of the α 3 β 3 ring of F 1 by coexpression. To hold the coiled-coil structure of FliJ in the α 3 β 3 ring, FliJ was genetically fused with the β subunit via a flexible linker peptide that included a thrombin cleavage site (Figs. S4 and S5 ). In these constructs, only one of three FliJ helices occupies the central pore of the α 3 β 3 ring, whereas the remaining two helices are outside the cavity. The FliJ helices outside the cavity might not affect the rotation properties, as demonstrated by Chiwata et al. (24) . The linker sequence that connects the protrusion domainless γ with β was exactly the same as the peptide sequence used in ref. 24 . To investigate the role of the C-terminal sequence of γ in the force transmission, we prepared a series of FliJ-γ fusion constructs; 0, 9, 17, and 21 residues from the C terminus of FliJ were substituted with the equivalent number of residues from the C terminus of γ [ChF 1 (0γ), ChF 1 (9γ), ChF 1 (17γ), and ChF 1 (21γ) as shown in Fig. 3A and Fig. S5 ]. This series of ChF 1 complexes were expressed as stable complexes in Escherichia coli and purified. SDS/PAGE analysis demonstrates that each chimeric complex contained the FliJ-γ-β fusion with an α subunit. When treated with thrombin, the fusion protein was digested into native β subunit and the isolated FliJ.
In contrast with a previous report (24) , the fusion protein was almost fully digested, suggesting that the FliJ helix was less firmly held in the α 3 β 3 ring than the γ lacking the protruding globular α/β fold domain In contrast, a faint undigested fraction was observed for ChF 1 (9γ), ChF 1 (17γ), and ChF 1 (21γ) (Fig. 3B) . It is possible that the inserted γ sequence stabilizes the coiled-coil structure in the cavity, and that the thrombin site is partially buried inside.
Rotation of F 1 -FliJ Chimeras. The rotation assay was conducted at 2 mM ATP as described previously, the saturating level for WT F 1 . All constructs of ChF 1 , including the fully xenogeneic rotor consisting of the coiled-coil structure of FliJ, showed continuous rotation (Fig. 4A ). All rotation profiles were, on average, unidirectional in the counterclockwise direction as seen for the WT F 1 , although the rotation traces were marred by significantly more experimental noise. Brownian, back-and-forth fluctuation affected the rotation trajectories, suggesting the capability of force transfer from the stator to the rotor was markedly impaired in chimera F 1 s (Fig. S6) . Consistent with the large rotational fluctuations, the rotation rate of the chimeras was significantly slower than that for the WT: 1.0 ± 0.3 rps for ChF 1 (0γ), 0.8 ± 0.3 rps for ChF 1 (9γ), 1.2 ± 0.4 rps for ChF 1 (17γ), and 1.5 ± 0.3 rps for ChF 1 (21γ) (Fig. 4B and Table 1 ). The rotation rates recorded were consistent with those expected from the ATP hydrolysis rate determined by the ATP hydrolysis assay (∼6 per second). Unlike the ChV 1 constructs, the ChF 1 constructs did not show clear and regular intervening pauses during rotation. This prevented estimation of rotary torque using a 120°stepping profile (an approach that gives a more precise estimation of torque). Therefore, we estimated the torque of the ChF 1 constructs from a comparison with the average rotation rate of the WT F 1 in the same condition using duplex 290-nm polystyrene beads (13.9 ± 2.3 rps). Considering that we measured the torque of the WT F 1 around 40 pN·nm in previous work (19), we estimated the torque from the equation
where v chimera and v wild represent the average rotation rate. The determined torque was 2.9 ± 1.0 pN·nm for ChF 1 (0γ), 2.3 ± 0.9 pN·nm for ChF 1 (9γ), 3.5 ± 1.3 pN·nm for ChF 1 (17γ), and 4.3 ± 1.1 pN·nm for ChF 1 (21γ) (Fig. 4C and Table 1 ).
Discussion
In this study we demonstrated that the coiled-coil structure of FliJ of the S. enterica flagella functions as a rotor in both the V 1 -A 3 B 3 and F 1 -α 3 β 3 hexamer rings. All of the tested chimera complexes showed continuous rotation in the presence of ATP in the counterclockwise direction, as seen in the intact native motors. Although FliJ has a coiled-coil structure similar to that of the native rotor subunits, the amino acid sequences show little or no similarity (Figs. S1 and S4 ). Most notably, the conserved positively charged residues in both V 1 -D and F 1 -γ are not found in FliJ. Therefore, FliJ is not able to form residue-specific interactions with the stator hexamer via the formation of salt bridges or hydrogen bonds. This finding demonstrates that the specific interaction between stator and rotor is not a requirement for unidirectional rotation, suggesting that the principal rotation mechanism is far more robust than previously thought. The simple explanation for this finding is that rotor rotation is induced via coarse-grained interaction between the stator ring and the rotor. In support of this proposition, a recent theoretical study by Mukherijee and Warshel (27) emphasizes the role of the electrostatic-mediated solvation energy arising from the polar/ nonpolar residues for the torque transmission. In addition, a theoretical study by Koga and Takada suggested steric repulsion from the stator ring induces the rotor rotation, and the waterentropy effect was suggested to be a key factor to shape the rotary potential of rotor shaft in the stator ring (26, 31) . Further analysis is required to clarify the fundamental factor for the torque generation in the rotary motors. Another surprising result is that the chimeric ChV 1 rotates a large probe of 290-nm duplex beads against viscous friction at a velocity comparable to that of V 1 DΔ58-113 , which contains the native coiled-coil structure of the rotor. The torque the chimeric ChV 1 generates was estimated to be 20 pN·nm from the viscous friction. This result suggests that even in the WT V 1 , specific amino acid interactions are not fundamental to the generation of torque. Interestingly, the turnover rate of ChV 1 is at least 18 s −1 , estimated from an average rotation speed of ∼6 rps using 290-nm duplex beads ( Fig. 2A and Table 1 ). This turnover rate indicates a higher ATP hydrolysis activity than for the isolated A 3 B 3 (∼1 s −1 ), implying that the coarse-grained interaction of the FliJ with A 3 B 3 enhances the allostery of A 3 B 3 undergoing sequential catalysis. This, accompanied by the power-stroking conformational change, as seen in the isolated α 3 β 3 ring (28), could result in the increased ATP hydrolysis activity observed with the chimeric V 1 enzymes.
Compared with ChV 1 enzymes, rotational motion of beads by ChF 1 enzymes is significantly lower compared with the WT F 1 . The estimated torque obtained from the average rotation rate, ∼1 rps, is only 10% of the WT measured under the same conditions (Fig. 4B) . The mutant F 1 , lacking the protruding globular α/β domain, while retaining the coiled-coil structure of the γ, was reported to rotate 290-nm beads at 5-6 rps and generate torque of 50% of the WT. Thus, even compared with the protrusion domainless F 1 as in Chiwata et al. (24) , ChF 1 is <20% of the F 1 with intact coiled-coil structure. In addition, we observed that the estimated torque of ChF 1 is significantly slower than that of ChV 1 . These findings suggest that the torque by ChF 1 is only 10% or 20% of that the WT or the protrusion domainless F 1 generates. This is attributable to the fact that FliJ is much more structurally similar to subunit D of V 1 than the γ subunit of F 1 (17, 29, 30) (Fig. S7) . Both FliJ and subunit D have relatively straight structures whereas the γ subunit is more curved. Taken together, it is likely that the gross structural mismatch between FliJ and α 3 β 3 hinders efficient rotation of FliJ. The gross structural mismatch would also explain why the reconstitution of FliJ did not enhance ATP hydrolysis activity of the α 3 β 3 ring.
Interestingly, the estimated torque of ChF 1 , around 4 pN·nm, is comparable to that for the Brownian ratchet mechanism. A simple Brownian ratchet mechanism estimates apparent torque (force) against viscous friction as 2k B T/δ where δ is the angular displacement (32) . A possible Brownian ratchet model for ChF 1 is that the rotor diffuses a flat rotary potential in the α 3 β 3 stator ring and after 120°diffusion the α 3 β 3 stator ring changes its conformation to block the backward diffusion of the rotor. In this model, δ is 2π/3 and the apparent torque is 4 pN·nm, consistent with the observation. Characterization of the rotation behaviors of ChF 1 under external force or with a rotation probe of different size would elucidate the actual working mechanism of ChF 1 .
In the crystal structure of bacteria V 1 , the coiled-coil structure of the D subunit is supported by the A 3 B 3 cylinder at the top and bottom of the cavity (13, 14) . The sequence of subunit D is well conserved among species, especially in the helical region (Fig. S1) . Nevertheless, the xenogeneic rotor of J147/DC21 in A 3 B 3 , which does not contain these conserved residues, rotates with torque of ∼20 pN·nm, roughly equal to that of V 1 . As shown in Fig.  1B , the stability of the xenogenic J147/DC21 or D30/J86/D29 rotors in the cavity of A 3 B 3 is much lower than that of the truncated subunit D Δ58-113 or the xenogenic D30/J86/D68 rotor. This clearly indicates that the entire C-terminus region of D68 (156-223) is all that is required for complex formation. Thus, we conclude that the conserved residues in the rotor protein contribute solely to efficient complex formation with the stator A 3 B 3 , and rarely to the enzymatic rotation function. In previous studies, we suggested that the rotor evolved from a rod-shaped protein like FliJ (30) . The results of this study support the suggestion that an ancient poorly designed rotor could generate torque solely through a coarsegrained interaction.
Materials and Methods
Protein Preparation. A series of expression plasmids for ChV 1 
